We used a tracking method to measure errors in estimating absolute time-to-collision caused by adapting to an expanding target. After adaptation, the estimated time-to-collision was longer than in the baseline condition. This was the case whether estimates were based on binocular information alone or monocular information alone. Estimates of time-to-collision were lengthened by 8-16% when based on binocular information alone, and by 18 -25% when based on monocular information alone. These findings are consistent with a previous proposal that changing-size and changing-disparity information converge before the stage at which motion-in-depth signals are generated.
Introduction
Eq. (1) describes a monocularly-available correlate of time-to-collision (TTC) with a rigid sphere that is moving at a constant speed directly towards an observing eye TTC : q dq/dt (1) where q is the sphere's instantaneous angular subtense and dq/dt is its instantaneous rate of increase of angular subtense (Hoyle, 1957) . [The TTC above was called tau by Lee (1976) ]. The difference between actual TTC and the approximation provided by Eq. (1) is approximately 0.25% when q =10°, and 2.3% when q = 30°( the error is caused by using an angle instead of an arctan). It has been suggested that drivers, pilots and sportsplayers can utilize Eq. (1) (Lee, 1976; Lee & Lishman, 1977; Schiff & Detwiler, 1979; Todd, 1981; Lee, Lishman & Thomson, 1982; Kruk & Regan, 1983 , 1996 Lee, Young, Reddish, Lough & Clayton, 1983; Warren, Young & Lee, 1986; Cavallo & Laurent, 1988; Bootsma & van Wieringen, 1990; Karnavas, Bahill & Regan, 1990; DeLucia, 1991; Savelsbergh, Whiting & Bootsma, 1991; Regan, 1992 Regan, , 1995 Regan, , 1997 . However, only recently was it demonstrated formally that observers can discriminate variations in the ratio q/(dq/dt) while ignoring simultaneous variations in q, dq/dt, and Dq (the total change of angular subtense during the viewing period)-though, for physiological and optical reasons, this is possible only when the approaching target has a sufficiently large angular subtense and is viewed centrally (Regan & Hamstra, 1993; Regan & Vincent, 1995; Gray & Regan, 1998) . In addition to discriminating trial-to-trial variations in TTC, observers can estimate absolute TTC on the basis of Eq. (1) (Cavallo & Laurent, 1988; Bootsma & van Wieringen, 1990; DeLucia, 1991; Savelsberg et al., 1991) . Absolute errors can be as small as 2-12% (Vincent & Regan, 1997; Gray & Regan, 1998) .
Eq. (2) sets out a binocular correlate of TTC TTC:
where I is the observer's interpupillary distance, D is the approaching object's distance and dl/dt is the rate of change of disparity relative to some stationary mark (Regan, 1995) . (Eq. (2) requires the object to be close to the straight-ahead position and is framed in terms of a rate of change of disparity relative to some fixed refer-ence object, but does not require vergence to be constant -see Appendix in Gray & Regan, 1998) . It has been shown that observers can utilize Eq. (2) to judge absolute TTC while ignoring variations in Dl, the total change of disparity (Gray & Regan, 1996a , 1998 1 . It is known that adapting to a rate of expansion reduces the perceived speed of a subsequently-presented expanding target (Regan & Beverley, 1978a ,b, 1979a . Thus if, as suggested by Regan and Hamstra (1993) , estimates of TTC are based on perceived speed, then adapting to an expanding target should cause observers to overestimate the TTC with a monocularly-viewed approaching object.
It has also been shown that a sensation of motion in depth towards the observer's eye that is created by retinal image expansion can be canceled by a rate of change of disparity that signals motion in the opposite direction (Regan & Beverley, 1979b) . A proposed explanation for this finding, depicted in Fig. 1 , is that changing-size information and changing-disparity information converge before the stage at which motion in depth signals are generated (Beverley & Regan, 1979 , 1980 Regan & Beverley, 1979b) 2 , so that inspecting a target whose size is changing should adapt the MID stage. This model predicts that, if judgments of TTC based on binocular information are based on the magnitude of the motion-in-depth signal, then, adapting to a rate of expansion should cause observers to overestimate TTC even when judgments are based on binocular information alone.
In this report we compare the effects of adapting to retinal image expansion, on the one hand with estimates of TTC based entirely on binocular retinal image information, and on the other hand, with estimates based entirely on monocular information.
General methods

Apparatus
Rather than using a real approaching object, we simulated a moving object by creating the retinal images that would be produced by a rigid sphere moving at constant speed along a straight line towards the head. A uniformly-illuminated circular spot of mean luminance 21 cm/m 2 was generated by a Picasso CRT image synthesizer (Innisfree) and was displayed on two electrostatically-driven monitors (Tektronix model 608 with green P31 phosphor). The location and size of the spot was varied by analogue electronics of our design. Each monitor ran at 50 frames/s. The monitors were viewed from a distance of 168 cm.
A perception of motion in depth was created by changing the size of the spot or by changing its relative retinal disparity. For the changing size stimulus, the angular size of the spot (q t ) was changed according to the following equation
where q 0 and T were, respectively the starting size (i.e. size at time t= 0) and TTC of the spot at time t= 0 (Regan & Hamstra, 1993) . For the changing disparity condition, the relative disparity (l t ) of the spot was changed according to the following equation a, b, c, d ) assume a magnitude that is linearly proportional to local speed and a sign that corresponds to the direction of motion. RM, one-dimensional filters whose outputs signal the speed and sign (i.e. expansion vs. contraction) of relative motion along some given retinal meridian. MID, two-dimensional relative motion filter that is most efficiently excited by expansion of the retinal image when the expansion is isotropic, i.e. provided that k 1 (a− b)= k 2 (c− d) where k 1 is inversely proportional to the height of the image and k 2 is inversely proportional to its width; the output of the MID stage signals motion in depth. The MID filters also receives input from a filter whose output signals the rate of change of relative disparity. Modified from Fig. 1 in Regan and Beverley (1979b) and Fig. 2. in Regan (1996) .
1 On the basis of experiments in which a receding cyclopean target passed through zero disparity (and consequently, disappeared and reappeared midway through its trajectory) it has been claimed that in general the human visual system does not contain a specialized cyclopean mechanism for discriminating the speed of motion in depth (Harris & Watamanuik, 1995) . However, providing that a cyclopean target is visible throughout its trajectory, observers can make acute discriminations of speed while ignoring displacement and all other task-irrelevant variables (and can also make acute discriminations of displacement while ignoring speed and all other task-irrelevant variables) (Portfors-Yeomans & Regan, 1996; Portfors & Regan, 1997) indicating that the conclusion of Harris and Watamanuik (1995) is not in general correct.
where l 0 , I and D 0 and were the starting disparity, interpupilliary separation and viewing distance, respectively. Further technical details are available elsewhere (Gray & Regan, 1998) .
Procedure
The adapting stimulus was presented to the left eye. It had a starting size of 0.65°and a TTC {i.e. [q/(dq/ dt)] t = 0 } of 2.5 s. The expanding spot was presented repetitively during the adaptation period. Each presentation had a duration of 1.5 s, and the final size of the spot was 1.63°. Between successive presentations the stimulus spot was switched off for 0.5 s before the start of the next presentation. Observers adapted for 10 min before the start of any given run. Following the adapting period the stimulus spot was switched off for 500 ms, then the first trial was presented and, 2.5 s after the start of the trial, the adapting stimulus returned for a refresh period of 8 s, and so on.
We also carried out a baseline condition in which the procedure was exactly as just described except that the adapting and refresh spots did not expand and had a constant size of 0.65°.
Estimated TTC was measured using a procedure described previously in detail (Gray & Regan, 1998) . Target size was held constant in the situation that only binocular information about TTC was available. At time t = 0 the dichoptically-presented spot appeared and remained visible for a duration of 0.67 s. At the designated TTC, some time after the spot had been switched off, a brief auditory click was generated. The designated TTC could be set to an accuracy of 0.001 s. The observer was instructed to press one of two buttons depending on whether the click occurred before or after the simulated approaching sphere would have collided with his or her head. The TTC of the simulated approaching object at time t = 0 {i.e. [I/D(dl/dt)] t = 0 } was varied from trial to trial by the computer that controlled the experiment. The computer set the value of [I/D(dl/dt)] t = 0 before any given trial on the basis of the observer's previous button presses according to the tracking (or staircase) method described in detail and with its theoretical basis by Levitt (1971) . As in previous studies (Gray & Regan, 1998 , 1999b , we used one-down, one-up staircases. For example, if the observer indicated that the simulated approaching sphere would have arrived before the auditory click, the TTC was made longer for the next presentation in that particular staircase. Thus, the TTC of the simulated object might be different on each successive trial.
Three staircases were interleaved randomly during any given run. On each of the three staircases the initial step size was 400 ms (a value determined by trial and error, see Levitt (1971) ).
Step size was halved after the first reversal. The endpoint of each successive staircase was based on the final four reversals (the first two or more reversals were ignored). Each staircase converged onto a value of [I/D(dl/dt)] t = 0 that gave a 50% probability that the observer would judge that the simulated approaching object would arrive before the auditory click. We took this as the observer's estimate of the value of [I/D(dl/dt)] t = 0 that corresponded to the designated TTC. The designated TTC was chosen randomly before each run and could take any value between 1.7 and 3.3 s. Observers were blind as to the value of the designated TTC chosen for each run.
We wished to make sure that observers based their responses on the task-relevant variable [i.e. I/D 0 (dl/dt)] rather than by either of the following task-irrelevant variables: final disparity; total change in disparity (Dl). In order to decorrelate these variables we used a different presentation duration for each of the three staircases (05, 0.7 and 0.9 s). We evaluated statistically the weight that observers placed on each of these variables as described below. The starting disparity was 0.54°u ncrossed (i.e. beyond the fixation point) and the angular size of the spot was 0.41°arc.
In the situation that only monocular information about TTC was available, the test stimulus was presented to the left eye only, the right eye being occluded. The value of tau was varied from trial to trial by the computer that controlled the experiment.
Although observers were instructed to base their responses on the perceived TTC of the simulated approaching object, in principle they might place some weight on each or any of the following variables: starting size (q 0 ), final size, total change in size (Dq) and the rate of expansion (dq/dt). In order to dissociate these variables from the designated TTC in the condition that only monocular information was available, we used a different starting size (0.41, 0.65 and 0.9°) for each of the three staircases within any given run. We evaluated statistically the effect these variables had on TTC estimates as described below.
Data analysis
The difference between the designated and estimated TTC for each of the three staircases in any given run was obtained by calculating the percentage difference between the designated TTC for that particular staircase and the value of [I/D 0 (dl/dt)] t = 0 (or tau) that corresponded to the 50% convergence point of the particular staircase. Each observer completed ten runs, giving a total of 30 estimates of TTC.
To check which variables an observer used to estimate TTC we used stepwise multiple regression analysis with the estimated TTC as the dependent variable. For the changing-size stimulus we entered the following mation) was similar to errors for binocular estimates of TTC reported in a earlier study (2.5-10%, all overestimates) using a similar technique (Gray & Regan, 1998) .
Our main finding was that the estimated TTC was longer (by 16, 11, 8 and 15%, respectively for observers 1, 2, 4 and 5) after adapting to a simulated approaching sphere than after adapting to a simulated stationary sphere. This lengthening was statistically significant for all four observers (t= 5.6, PB0.001, df= 52 for observer 1, t= 4.8, PB 0.001, df= 52 for observer 2, t= 2.3, PB 0.05, df= 22 for observer 4 and t= 6.28, P B0.001, df= 22). Table 1 shows the results of subjecting the response data to stepwise multiple regression. The task-relevant variable [I/D(dl/dt)] accounted for a high proportion of total variance for both the adaptation to expansion and control conditions (R 2 ranged from 0.76 to 0.91 for the baseline condition and from 0.68 to 0.83 for the adaptation to expansion condition). No other variable accounted for a statistically significant amount of variance.
For the monocular estimates as for the binocular estimates stepwise multiple regression showed that observers ignored all task-irrelevant variables. We also analyzed the data using a repeated measures ANOVA (for the three observers who completed all conditions). We entered two variables: Condition (baseline vs. adapt) and type of viewing (monocular vs. binocular). Perceived TTC was significantly longer in the adaptation to expansion condition than in the baseline condition [F(1, 3)= 65.2, PB 0.01]. Although the percentage increase in TTC estimation following adaptation to expansion was smaller when testing with the binocular stimulus (mean of 12.5%) than with the monocular stimulus (mean of 22%), this difference was not significant in the overall ANOVA. dependent variables: designated TTC, starting size, final size, total size change and rate of expansion. For the changing-disparity data we entered the designated TTC, presentation duration, total change in disparity and final disparity.
Obser6ers
Five observers were used. Observer 1 (author RG) and observer 3 were males aged 27 and 23 years, respectively. Observers 2, 4 and 5 were females aged 25, 22 and 22 years, respectively. Observers 2, 3, 4 and 5 had no previous experience in visual psychophysics, were naive as to the purpose of the experiment and were paid an hourly rate. Author DR collected pilot data. All observers had monocular visual acuity of 6/6 or better in both eyes. Fig. 2 shows the mean percentage difference between estimated and designated TTC for the four observers in the condition that estimates were based entirely on binocular information. Open bars are for the baseline condition where the adaptation stimulus did not expand. Filled bars show data collected after adaptation to expansion.
Results
The range of errors for the baseline condition where the adapting target did not expand (insignificant 1.3% underestimation to 8% significant overesti- 
Discussion
We conclude that adapting to an expanding target causes an increase in perceived TTC, even when TTC is estimated entirely on the basis of binocular information. Our finding may be related to the proposal that stimuli for kinetic depth and for dynamic stereopsis engage a common neural network (Nawrot & Blake, 1993) .
The lengthening of perceived TTC caused by adapting to retinal image expansion is slightly smaller when estimates of TTC are based on binocular information than when they are based on monocular information. In the context of Fig. 1 this finding can be understood by taking into account the report that the perception of motion in depth produced by retinal image expansion can be canceled by pitting image expansion against a rate of change of disparity (Regan & Beverley, 1979a,b; Gray & Regan, 1996b) . Our proposed explanation is that both changing size and changing disparity provide input to the motion-in-depth filter (MID) in Fig. 1 3,4 . Suppose that adapting to retinal image expansion desensitizes both the relative motion filters (RM) and the motion-in-depth filter in Fig. 1 , and that both these desensitizations reduce the magnitude of the motion-indepth signal when an expanding target is viewed monocularly. On the other hand, only the desensitization of the MID filter will affect the magnitude of the motion-in-depth signal when the effective stimulus is the rate of change of disparity.
Our findings suggest that in the situation that, after a period of high-speed driving while looking straight ahead at an empty road, a driver comes up on a more slowly-moving vehicle, the driver might overestimate the time-to-collision and thus be at risk of clipping the rear corner of the lead vehicle while overtaking. We have verified this prediction using a Nissan automobile driving simulator (Gray & Regan, 1999c,d) .
